
 

 

 

Cortico-striatal circuits and the timing of action and
perception
Citation for published version (APA):

Kotz, S. A., Brown, R. M., & Schwartze, M. (2016). Cortico-striatal circuits and the timing of action and
perception. Current Opinion in Behavioral Sciences, 8, 42-45.
https://doi.org/10.1016/j.cobeha.2016.01.010

Document status and date:
Published: 01/04/2016

DOI:
10.1016/j.cobeha.2016.01.010

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1016/j.cobeha.2016.01.010
https://doi.org/10.1016/j.cobeha.2016.01.010
https://cris.maastrichtuniversity.nl/en/publications/7efdcbec-2247-4b3b-97aa-8b3b2af1896a


Cortico-striatal circuits and the timing of action and
perception
Sonja A Kotz1,2, Rachel M Brown1 and Michael Schwartze1,2

Available online at www.sciencedirect.com

ScienceDirect
Reciprocal connections between cortical and striatal regions of

the brain form neuro-functional circuits that are recruited in a

wide range of behaviors. One of the basic functions of these

circuits is the encoding and decoding of temporal structure.

Here we discuss recent evidence on temporal processing,

focusing on structural and functional data that inform our

understanding of specialization within these circuits and

motivate future research avenues on the basis of an integrative

temporal processing network.
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Organization of cortico-striatal circuits
To fully understand the neurophysiological, neuroana-

tomical, and behavioral bases of temporal processing in

action and perception a detailed description of cortico-

striatal connectivity and circuits is necessary. Over the

last two decades several models describing the nature of

cortico-striatal connections have emerged and there is

general agreement that these connections are topograph-

ic. However, it remains a matter of debate whether

cortical input to the striatum is diverse or region specific.

On the one hand, one basal ganglia region can receive

input from many cortical areas [1], while on the other

hand one topographically mapped cortical area can proj-

ect to one basal ganglia region [2�,3]. The latter idea in

particular has led to diverse closed loop or circuit models

describing specific functional connections between corti-

cal and subcortical brain regions [4–6,7��]. However, early

on Middleton and Strick [8] argued that the striatum

projects back to multiple cortical sites, so a simple closed
Current Opinion in Behavioral Sciences 2016, 8:42–45 
loop idea may not suffice. The split circuit model by Joel

and Weiner [9] provides a possible solution. The model

combines closed and open loops, where open loops mod-

erate striatal projections to a cortical output area that does

not project to the striatum itself and also supports com-

munication between closed loops. Thus the split circuit

model may best explain why damage to a specific topo-

graphic region within a closed loop may nevertheless lead

to multifunctional deficits including sensory and motor

timing deficits [10].

The nature of cortical–striatal circuits parallels the scien-

tific discussion of how action and perception relate to each

other and why temporal processing may play a compara-

ble role in both domains. In a recent review Herwig [11]

talked about whether the link between perception and

action is structure or process-based. Seminal structure-

based accounts postulate that action and perception are

intrinsically linked [12,13]. Process-based accounts such

as the common coding theory [14,15] propose that action

is represented via its perceived sensory consequences and

therefore relies on common ground or similarities be-

tween the two domains while other process-based

accounts link action and perception through a common

attentional process (e.g. [16]). Although further elabora-

tion of these concepts is beyond the scope of the current

review, both the common ground perspective and the

attention perspective of action and perception invite a

number of important questions: Are motor structures that

also encompass the premotor cortex, supplementary mo-

tor area (SMA), basal ganglia and the cerebellum tightly

connected to temporal processing, sensory prediction,

and the allocation of attention to name a few (for an

extensive elaboration see [17])? And if so, do we have to

consider dynamic contributions of domain-general motor

mechanisms to perception? Could we then conceive of a

cortico-striatal circuit in which the basal ganglia bind

events in time in both perception and action?

The basal ganglia in motor and perceptual
timing
The basal ganglia are classically viewed as responsible for

controlling motor behavior in time. This view has been

largely driven by the study of Parkinson’s disease, a

disorder marked by striatal neurodegeneration and motor

impairments such as freezing and tremors. Although there

is a diverse body of evidence on Parkinsons’s disease

[18,19], it has been suggested that the basal ganglia

maintain temporal regularity in repetitive action, such

as self-paced finger tapping or walking [20,21]. Further,
www.sciencedirect.com
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Sensorimotor temporal processing. Cortico-striato-thalamo-cortical

circuits engage in temporal processing in the hundreds-of-milliseconds

to seconds range [40��,46]. The sequencing of motor actions probably

relies on connections between the supplementary motor area (SMA)

and the basal ganglia to encode the temporal structure of successive

actions. Targets of this cortico-striatal ‘pacing’ signal may include the

SMA-proper and its connections to premotor (PMC) and primary

motor (M1) regions, thus guiding the actual implementation (dotted

lines) of successive actions. Production of a motor action generates

sensory feedback, that is, a sensory object (O1), thereby initiating a

circular process in which a sequence of successive motor actions

generates a temporally structured sequence of sensory objects (On).

Decoding of the temporal structure of these sensory objects may rely

on afferents from early stages of sensory processing to the cerebellum

(CE) [30], and ‘rapid cerebellar transmission’ of an adaptively filtered

representation of temporal structure (effectively a sensory ‘pacing’

signal) to the SMA via the thalamus (THAL). One of the advantages of

this network architecture may be the precise automatic encoding of

timing errors and their subsequent correction already at early

processing stages like the cerebellum. However, simultaneous motor

production and sensory processing of temporal structure ultimately

requires a more fine-grained differentiation of the core components of

the network. For example, structural subdivisions or connectivity

patterns of the pre-SMA (into anterior and posterior parts) or the

caudate nucleus of the striatum (into anterior, middle, and posterior

parts) may map onto specific temporal processing demands and

potentially foreshadow an even more detailed, gradual differentiation

of a caudal–rostral axis within these structures and their connections.
several lines of work also suggested a role for the basal

ganglia in guiding timed actions based on external senso-

ry information [22], as well as temporal perception in the

absence of motor behavior [23]. This early work, along

with later observations of increased gait regularity in the

presence of a regular auditory stimulus [24], suggested

that the basal ganglia may be important for regulating

motor timing based on sensory input, a necessary compo-

nent of motor behavior, and possibly perceptual temporal

processing without the need or intention to move.

Recent evidence from patients and healthy adults lends

further support to the idea that cortico-striatal circuits

play a role in perceptual temporal processing. Patients

with Multiple System Atrophy (MSA) and Huntington’s

disease, both of which involve atrophy of the caudate and

putamen among other regions, demonstrated impaired

temporal interval and temporal sequence discrimination

relative to patients with peripheral nervous system dis-

orders [25]. The link between the basal ganglia and

perceptual temporal processing was further strengthened

by work involving patients with lesions mainly of the

caudate and putamen. Electrophysiological recordings in

these patients showed reduced sensitivity to temporal

regularity present in auditory sequences relative to

healthy controls who were able to differentiate between

temporally regular and irregular auditory sequences [26].

Complementary evidence from healthy adults has further

linked individual variability and stimulus- and task

demands to cortico-striatal activity in perceptual temporal

processing. Individuals who more accurately discriminat-

ed visual stimulus durations also showed greater hemo-

dynamic responses in the putamen and prefrontal cortex

during temporal discrimination. In addition, individuals

who expressed a genetic polymorphism associated with

reduced striatal dopamine receptors showed reduced

temporal discrimination accuracy and greater hemody-

namic response in the caudate during temporal discrimi-

nation [27]. Basal ganglia and prefrontal BOLD responses

also varied as a function of attention to temporal features,

and the degree of discriminability between temporal

features [28��]. Participants differentiated bursts of am-

plitude-modulated noise based on either their total dura-

tion or modulation rate. Response in the basal ganglia,

along with SMA/pre-SMA and parietal regions among

others, co-varied according to the degree of discrimina-

bility between the noise bursts based on the task-relevant

temporal feature. In sum, there is now considerable

evidence that the basal ganglia can contribute specifically

to perceptual timing, in addition to timed movement.

Differentiation of uniform cortico-striatal
circuits
The functional differentiation of the basal ganglia is

paralleled by increasing evidence for functional and

structural differentiation in other regions associated with
www.sciencedirect.com 
motor and perceptual timing such as the SMA, premotor

cortex, and the cerebellum. In addition, new work sug-

gests complex interactions between these structures and

the basal ganglia and substantiates speculations about the

nature of these interactions in perceptual temporal pro-

cessing [29,30]. This knowledge is in part obtained

through a combination of recent methodological devel-

opments such as MRI resting-state analyses [31–34] or

meta-analytic connectivity in humans [35,36] as well as

classic approaches such as single-unit recordings or viral

tracing in animals [37�,38]. In addition to a more differ-

entiated characterization of cortico-striatal circuits, in-

cluding the connections between the supplementary

motor area and the striatum, these studies provide

evidence for direct subcortical pathways linking the

cerebellum and the basal ganglia [33,38,39]. These

reciprocal connections between core temporal proces-
Current Opinion in Behavioral Sciences 2016, 8:42–45
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sing regions (see Figure 1) effectively instantiate a

distributed temporal processing network [40��], which

may interface with sensory afferent pathways in order

to establish a time-optimal perceptual processing

mode [30].

It is important to note that the temporal processing

function of this network may be activated simultaneously

in perception and action as the temporal sequencing and

implementation of motor behavior inevitably entails sen-

sory feedback, which in turn may recruit perceptual

temporal processing mechanisms. However, the premise

of simultaneous action-related and perceptual temporal

processing in the same brain regions suggests further

structural and functional differentiation of micro regions

within the respective macro regions. Despite the progress

in dissociating such micro regions and their connectivity

for each of the core temporal processing regions, it is

difficult to define the criteria that lead to a match between

the granularity of these subdivisions and the current

concepts of temporal processing. For example, experi-

mental data from perceptual and sensorimotor temporal

processing studies are largely compatible with the classic

two-part division of the SMA into the rostral pre-SMA and

the more caudal SMA-proper along a vertical line inter-

secting the anterior commissure [41,42]. Via the thalamus,

these SMA sub regions also receive concurrent projec-

tions from two dissociable non-motor and motor parts of

the cerebellar dentate nucleus [43,44].

One of the challenges for conceptual models of temporal

processing concerns the time-course and the structural

level of the interactions between the core temporal pro-

cessing regions, which, depending on the ‘entry point’

into the respective processing loops, can be described as

cortical–striatal, cerebellar–cortical or vice versa. Howev-

er, another challenge arises from recent resting-state

functional connectivity data, which indicate a three-part

division comprising anterior and posterior parts of the pre-

SMA, defined in part by specific connections to the

caudate nucleus and the putamen of the basal ganglia

[33]. Additional criteria such as the specific temporal

characteristics of the experimental task may hence have

to be considered in order to match these levels of struc-

tural differentiation levels of conceptual differentiation in

temporal processing models. However, diffusion MRI

reveals a three-part division along an anterior–posterior

axis also of the caudate nucleus [45] and the question

arises whether a gradual differentiation will be required,

potentially reflecting striatal micro regions that are de-

fined by their links to cortical networks engaged in

specific functions rather than by their links to discrete

cortical regions [32].

Outlook
The aim of the current review was to connect recent and

classical neuroanatomical and behavioral findings on the
Current Opinion in Behavioral Sciences 2016, 8:42–45 
role of cortico-striatal circuits in the timing of perception

and action. While a number of central aspects such as the

nature of the circuits (e.g. closed versus split), the essen-

tial sensorimotor rather than motor only function of the

cortico-subcortical interface (e.g. SMA-basal ganglia), and

the structural differentiation (e.g. rostral–caudal gradi-

ents) have been elucidated, at least two additional issues

deserve further consideration: (1) One recent finding

confirms the existence of direct subcortical pathways

connecting the cerebellum to the basal ganglia via the

thalamus. This connection allows direct short-latency

modulation of the basal ganglia by the cerebellum

[37�]. One intriguing possibility is that this direct con-

nection supports small-scale automatic adjustments of

sensorimotor timing errors. (2) To address temporal pro-

cessing dysfunction and to better understand expertise,

one needs to account for individual differences in the

structure of these circuits and how these translate into

functional differences in simple and complex temporal

sequencing behavior.
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